Gravitationally focused wind accretion in binary systems consisting of an evolved star with a gaseous envelope and a compact accreting companion is a possible mechanism to explain mass transfer in symbiotic binaries. We study the mass accretion around the secondary caused by the strong wind from the primary late-type component using global three-dimensional hydrodynamic numerical simulations during quiescence and outburst stages. In particular, the dependence of the mass accretion rate of the mass-loss rate, wind parameters and phases of wind outburst development is considered. For a typical wind from an asymptotic giant branch star with a mass-loss rate of 10 −6 M yr −1 and wind speeds of 20 km s −1 to 50 km s −1 , the mass transfer through a focused wind results in efficient infall on to the secondary. Accretion rates on to the secondary of 5-20 per cent of the mass-loss from the primary are obtained during quiescence and outburst periods where the wind velocity and mass-loss rates are varied, about 20-50 per cent larger than in the standard Bondi-Hoyle-Lyttleton approximation. This mechanism could be an important method for explaining observed accretion luminosities and periodic modulations in the accretion rates for a broad range of interacting binary systems.
INTRODUCTION
Symbiotic binaries are active bright systems with a composite spectrum that exhibits absorption features together with strong H and He emission lines. These binaries are important astrophysical laboratories for studies of wind accretion because of the wide separation of the components, and the ability to study the individual components and the accretion processes in close circumbinary environments at multiple wavelengths ranging from X-ray to radio (Karovska et al. 1997 (Karovska et al. , 2005 (Karovska et al. , 2010 . A typical symbiotic system consists of a mass-losing red giant or asymptotic giant branch (AGB) star and a hotter accreting companion, often a white dwarf (WD). The components in these systems are believed to be detached (both components are well within their Roche lobes), and the activity is caused by the accretion of mass from the massive wind of the cool evolved star on to the E-mail: miguel.devalborro@nasa.gov (MdVB); mkarovska@cfa.harvard.edu (MK) compact companion at rates determined by the wind and orbital parameters (e.g., Kenyon 1986 ).
Mass-loss is known to be a key factor in the late stages of the evolution on the red giant branch (RGB) and on the AGB and regulates how the star evolves. Matter escapes easily because of the low surface gravity and the stellar wind removes angular momentum from the star. Accretion of this material can occur in two different modes: Roche lobe overflow (RLOF) when the primary star fills its Roche surface (see e.g., Paczyński 1971) or wind accretion (e.g., Theuns & Jorissen 1993) . Considerable differences are seen between simulations contingent upon whether the dust acceleration radius is close to the Roche lobe surface or not (i.e., dependent on the binary separation). In RLOF accretion, the donor star fills its Roche lobe and mass transfer occurs through the Lagrangian point L1 on to the companion's Roche lobe. Accretion in the canonical RLOF scenario is quasi-conservative, with the mass accretion rate on to the secondary being very similar to the mass-loss rate from the primary. None the less some material may escape the binary system through the L2 point so the mass rate ratioṀacc/Ṁ1 may be smaller than 1.
In the quiescent phase of symbiotic binaries the fraction of the wind that is accreted by the hot companion is ionized and powers the observed luminosity in these systems. However, high accretion rates of the order of 10 −7 M yr −1 to 10 −6 M yr −1 are required to maintain the high luminosity of symbiotic systems, which is about an order of magnitude larger than the values derived from standard Bondi-HoyleLyttleton wind accretion (BHL; Hoyle & Lyttleton 1939; Bondi & Hoyle 1944) . To solve this problem, a number of numerical studies of a gravitationally focused wind in Miratype systems have been carried out recently, which produced an enhanced mass transfer in binaries compared with BHL accretion (e.g., Nagae et al. 2004; Podsiadlowski & Mohamed 2007; de Val-Borro et al. 2009 ) and are capable of explaining the observed mass outflow geometries in some symbiotic systems (e.g., Karovska et al. 2005 Karovska et al. , 2010 Karovska et al. , 2011 .
Previous two-dimensional models of wind accretion in detached binaries develop complex flow patterns and the formation of a stream flow between the components, which is dependent on the wind and orbital parameters of the system. These binary models suggest that the accretion rate on to the secondary is considerably modified by the effect of the gravitational interaction with a companion star (e.g., de Val-Borro et al. 2009 ). For slow radiative driven winds, the accretion efficiency on the companion is of the order of 10-20 per cent mass-loss rate of the primary and can be increased compared with the standard BHL accretion in twoor three-dimensional simulations (e.g., de Val-Borro et al. 2009; Mohamed & Podsiadlowski 2012 ).
An additional possible mode to obtain a focused wind in the orbital plane in S-type symbiotic systems is the wind compression disc model that can enhance the efficiency of wind accretion (Bjorkman & Cassinelli 1993; Skopal & Cariková 2015) . Wind accretion can also lead to a higher enrichment of barium and carbon in metal-poor stars and changes in the orbital parameters because of angular momentum loss from the binary system (e.g., Abate et al. 2013) . Nonetheless, the applicability of this mode of accretion to large separation symbiotic binaries remains to be established precisely.
Numerical simulations of BHL accretion in a twodimensional planar flow have shown the presence of instabilities in the accretion shock, so-called flip-flop instabilities (Matsuda et al. 1987; Fryxell & Taam 1988) , which have been suggested to occur in several systems. In this instability, the accretion flow oscillates between states with opposite spin with a brief intermediate phase. Some analytical approaches have been proposed using a perturbation analysis on a stationary flow solution (see e.g., Livio et al. 1991) . This instability may cause periodic oscillations that can explain some astrophysical phenomena such as fluctuations in Xray binaries and pulsating systems (Fryxell & Taam 1988) . However, three-dimensional simulations have found that the instability is not as strong as in the two-dimensional case, or may be completely absent (e.g., Ruffert & Arnett 1994; Blondin & Raymer 2012) .
There is observational evidence of small-scale sporadic outbursts and stochastic variations on short time-scales (as seen in the light curves, spectra and images of symbiotic systems; Slovak & Africano 1978; Taylor et al. 1986 ), which could be due to a change of the accretion rate and the accretion environment on time-scales much smaller than the orbital period. The origin of these outbursts is still a puzzle. It is possible that they are caused by a temporary increase of mass accretion on to the companion due to changes in mass-loss and wind velocity in the red giant component or a fluctuating accretion disc around the secondary. Gas shells produced by the variable mass-loss from AGB stars have been observed in several systems since the first detection by Olofsson et al. (1990) . A shell around pulsating star R Sculptoris has been clearly resolved with the Atacama Large Millimeter/submillimeter Array showing a spiral structure that is formed by interaction with a previously unknown companion (Maercker et al. 2012 (Maercker et al. , 2016 . Recently, Booth et al. (2016) have simulated the formation of asymmetric circumstellar shells using a smoothed particle hydrodynamics (SPH) code. Their model produces a bipolar structure surrounding the recurrent nova progenitor in the RS Ophiuchi symbiotic binary, a system known to undergo recurrent outbursts that have been observed at multiple wavelengths (O'Brien et al. 2006; Bode et al. 2007 ).
Here we present three-dimensional hydrodynamical simulations of gravitationally focused wind accretion in symbiotic binary systems using as an example the nearby jetejecting CH Cygni (CH Cyg) system. This is a variable symbiotic that is of special interest to examine the basic physical processes of mass transfer due to its brightness and close distance, d ∼ 250 pc, to Earth. We address the variability in this system by studying stellar outbursts in the primary to consider the effect in the outflow properties and accretion rates. In a future work, we will carry out a detailed comparison of observational diagnostics in the symbiotic variable CH Cyg system with the results of our wind accretion simulations.
In Section 2, we describe the numerical set-up. In Section 3, we show our results from hydrodynamical simulations of the symbiotic binary CH Cyg, and discuss the flow structure around the accretor, accreting rates, and the circumbinary environment. Finally, we summarize the main results of this work in Section 4.
NUMERICAL MODEL
Realistic models of mass transfer in symbiotic binaries require computationally demanding hydrodynamical simulations. The wind gas is modelled using the basic Euler equations of hydrodynamics describing the evolution of the density and velocity field in three dimensions (see e.g., Clarke & Carswell 2014) :
In the above equations, symbols have their usual meaning: ρ is the density of the fluid, v is the velocity, P is the pressure and Φ is the stellar gravitational potential that is given by the point mass equation with softening length to simplify the numerical integration of the equations.
, where M1 and M2 are the stellar masses of the two components, and r1 and r2 are their positions. The softening length is chosen to be 0 = 0.05 au. We note that the self-gravity of the fluid is not considered. The wind pressure in the fluid is derived using the polytropic equation of state for an ideal gas:
where is the internal energy per unit mass and γ is the adiabatic index of the gas, the ratio of specific heat at constant pressure and volume, which has a value of γ = 5 /3 for the monoatomic gas in our model. Thus, the value of the polytropic index is given by n = (γ − 1) −1 = 3 /2. We set the mean atomic number to be the atomic hydrogen weight µ = 1. The sound speed of the fluid for an ideal gas law is described by:
We use the Courant-Friedrichs-Lewy condition to constrain the time-step to ensure the numerical stability of the solution. The numerical model is similar to previous twodimensional models described in de Val-Borro et al. (2009) , hereafter referred to as Paper I. However, the model uses a different code base with the equation of state for a polytropic fluid and the equations of hydrodynamics are solved in three dimensions. We take into account the rotation of the binary and assume circular Keplerian orbits for the system with the stellar components at rest to avoid stability issues. We work in the non-inertial reference frame that rotates around the origin with a constant angular frequency Ω, which is given by the equation
where a is the semimajor axis of the system. The two stellar components are treated as point masses with a smoothing radius in our models. The secondary is treated as an absorbing sphere, and our model includes a smooth variation of the wind properties during a short fraction of an orbital period that translates into changes in the accretion rates on to the companion. We do not resolve the surface of the secondary in our calculation.
Stellar wind
We have developed a single-fluid stellar wind model implemented in a Cartesian grid in a rotating frame of reference where both stars are at rest in the computational domain based on the publicly available piernik magnetohydrodynamics code (Hanasz et al. 2010) 1 . The numerical algorithm is based on the original relaxing total variation diminishing (RTVD) method, which is a second-order algorithm in space and time (Jin et al. 1995; Pen et al. 2003 , and references therein). One of the advantages of this method is that it can handle shocks and discontinuities in the flow with high resolution without using artificial viscosity. In our calculations
1 The piernik source code is hosted in a public Git repository at https://github.com/piernik-dev/piernik under the GNU General Public License v3. the wind material is treated using the equation of state of a classical ideal gas. The effect of the Coriolis and the centrifugal forces has been included in the equations for each sweep in a low-order approximation using the gas density and velocity values in the beginning of the time-step in an operator-split way. Strict numerical conservation of angular momentum to numerical precision is not achieved as we use a Cartesian coordinate grid with open outflow boundaries. Spurious changes in angular momentum occur at the outer boundary of the grid. Other solvers are found to be less diffusive than the RTVD method, and using cylindrical coordinates can bring substantial improvement in the conservation of angular momentum, in particular, at the outer boundary of the domain (e.g., Stone et al. 2008; Kowalik et al. 2013 ). However, we have chosen a large enough computational domain that these changes are not expected to affect the accretion process. Further details of the used numerical scheme can be found in Pen et al. (2003) .
piernik uses an adaptive mesh refinement (AMR) implementation that adapts the resolution dynamically with a criterion that can be defined by the user. The AMR method allows us to efficiently study binary systems with variable mass-loss, where a perturbation propagates to large radii by refining cells at locations with sharp contrasts in density. We used the standard grid refinement criterion based on the second derivative of the gas density and pressure that has been used in the study of the tidal interaction between a protoplanetary disc and an embedded planet (see e.g. de Val-Borro et al. 2006; de Val-Borro 2008) . For our simulations, we use an adaptive grid with three to five additional refinement levels.
The code is fully parallelized using a block-structured decomposition that runs on any platform that supports the Message Passing Interface, and it has been found to scale well up to 1000 CPU cores (Hanasz et al. 2010) . piernik can be extended by adding new physics modules and has been extensively tested in various compressible flow prob-lems such as simulations of the streaming instability in protoplanetary discs (Kowalik et al. 2013) .
The stellar wind is characterized by its mass-lossṀ , terminal wind velocity v∞ and dust acceleration radius. Massloss in evolved stars is driven by the uplift of gas molecules due to pulsation shocks that condense into dust grains at a certain distance from the star where they are accelerated by radiative pressure. An unperturbed initial velocity profile is given by the simplified analytical solution of a steadystate wind that considers the effect of radiation pressure in the mass-losing star and the pressure gradient (Parker 1958 (Parker , 1963 . We impose outflow boundary conditions at all boundaries in the computational domain and constant density in the region inside the wind acceleration radius. Fig. 1 shows the azimuthally averaged radial velocity in the wind at the beginning of the simulation and after one orbit.
We modelled the effect of the radiative pressure reducing the gravity of the primary component by a factor of 1 − fgrav to take into account the acceleration mechanism of the wind, where fgrav is the ratio of the radiation pressure force per unit mass to the gravitational force per unit mass and is given by the expression (e.g., Jorissen 2003):
where symbols have the same meaning as in previous equations. We assume that the value of the fgrav factor is independent of position (Dermine et al. 2009 ) and use fgrav = 0.5 in our simulations. Fig. 2 shows the Roche equipotential contours and the location of the Lagrangian points in the CH Cyg system (see Table 1 ) when the radiation pressure of the AGB star is ignored. The shape of equipotential contours is modified when the primary star is assumed to exert radiation pressure or pulsations that drive the wind (Dermine et al. 2009 ). We show the contours for a ratio of the radiation pressure to gravitational force of 0.5 in the right-hand column in Fig. 2 . The surface where the wind is accelerated is a substantial fraction of the Roche lobe radius of the mass-losing primary star. This radius is about two to three times larger than the stellar radius for most AGB stars (see e.g., Höfner 2007) .
The material in the disc around the WD is removed after each time step using the expression from Günther & Kley (2002) :
where facc is a constant fraction of the order unity, ∆t denotes the time-step and ρav is the average density in the region racc < |r − r2| < 2racc following Pepliński et al. (2008) . The accreted material on to the secondary powers the accretion luminosity. Radiative feedback can potentially change the flow and accretion rates (Edgar & Clarke 2004 ), but we have neglected its effect in our model.
These numerical experiments were conducted using a dust acceleration radius distance of ∼ 2.7 au, where the wind is accelerated slightly beyond the escape velocity by the absorption of stellar radiation. For a typical value of the radius of the red giant of 300 R , the dust acceleration occurs at about twice the size of the stellar photosphere and inside the Roche lobe with the acceleration zone being about a factor of 2 smaller than the Roche radius of the system. The Table 1 . CH Cyg component parameters used in the simulations from Hinkle et al. (2009) .
Parameter
Observed values
wind velocity, density and pressure are set in all grid cells within the wind acceleration radius of the primary component. Although this method does not include the dust as a coupled component and the full physics of the wind acceleration mechanism is not considered, it can provide the expected range of terminal wind velocities that are crucially important for deriving accretion rates on the secondary. The donor star is assumed to have radial pulsations in its outer envelope, which are characteristic of AGB stars. These pulsations are considered as a source of the mass-loss fluctuations in the evolved star. As this effect is relevant for our investigation of accretion rate in symbiotic systems, we have included a pulsation period of 100 d and an amplitude of 1 km s −1 in the material that is introduced in the dust acceleration radius. The amplitude of stellar pulsations that can possibly produce the wind variability in the primary can be constrained by models of evolved stars (see e.g., Podsiadlowski & Mohamed 2007).
RESULTS AND DISCUSSION
In this section, we present the results of wind accretion simulations using the hydrodynamical code described in Section 2. Table 1 shows the fiducial parameters used in the accreting wind model of the variable CH Cyg system studied by Hinkle et al. (2009) .
We parametrize the wind from the AGB star using the mass-loss, dust acceleration radius and initial velocity for the wind. Several steady-state cases are compared using uniform and adaptive grids to evaluate the accuracy of the results (cases 1-3). Table 2 shows the grid and wind parameters of different simulations in the three-dimensional runs, including short outburst simulations (cases 4-6). The computational domain is divided into squared blocks where nx, ny and nz indicate the number of grid points along the corresponding coordinate directions. Based on our previous work with two-dimensional calculations and more recent results, an adaptive mesh grid provides an adequate method to resolve the accretion region around the companion ( the simulations are run for approximately two orbital periods when the system reaches a quasi-steady state. As noted in the previous section we compute the mass accretion rates on to the secondary normalized to the mass-loss rates as a function of time during the simulation by integrating the mass within a control volume. In the following, we present the results from threedimensional simulations using a dynamically refined grid as they allow for adequate grid resolution. We consider a range of parameters inferred from the observations of CH Cyg summarized in Table 1 (Hinkle et al. 2009 ) and vary the wind velocity, mass-loss and wind acceleration radius in our simulations to account for realistic outburst events. We adopt the most probable solution of the orbit, with an orbital period of 15.58 yr and masses of 2 M and 0.6 M for our model.
Steady-wind simulations
We cover the range of 20 km s −1 to 50 km s −1 of the initial wind velocity at the dust acceleration surface for the steadystate wind simulations. Initially, we perform a comparison of flow structures in the three-dimensional simulations with the two-dimensional results described in Paper I. Our choice of wind velocities ensures that most of the wind material that is injected at the dust acceleration boundary will escape from the gravitational pull of the binary system and leave the computational domain. For this choice of wind parameters, the flow has a Mach number M = 2-4 at the position of the accretor.
We show the density distribution of the perturbed wind in the simulation with a terminal wind speed of 20 km s −1 in Fig. 3 after one orbit. The wind material forms a spiral shock around the secondary that is detached from the accretor and is focused on the orbital plane, as has been seen in previous numerical works (Edgar et al. 2008; Pejcha et al. 2016) . A flattened elongated overdensity at the position of the secondary forms by the accretion of shocked material from the stellar wind. The velocity field geometry in a quasi-steady state after one orbital period is shown in the right-hand panels of Fig. 3 . In addition, we show the orbital velocity of the companion added to the total velocity of the gas. Some wind material from the giant star that passes close to the secondary and is shocked by the spiral arm has an escape velocity smaller than that of the companion. This material is accreted along the accretion line behind the companion. The gas stream observed in previous two-dimensional simulations Figure 3 . Snapshot of gas density contours in logarithmic scale in the orbital plane slice (upper left-hand panel) and perpendicular plane slice (lower left-hand panel) through the computational domain taken after one orbit for the case 1 simulation described in Table 2 after one orbital period. The velocity field is shown in the orbital plane slice (upper right-hand panel) and perpendicular plane (lower right-hand panel) slices for the case 1 simulation. The velocity is calculated in the non-inertial frame and has been normalized by the spatial distance for clarity. The mass-losing star is located on the origin of the x-y plane and the accreting component is located at (x, y) = (8.5, 0). Table 2 .
and SPH models is considerably weaker (Paper I; Mohamed & Podsiadlowski 2012) . The deflection of the streamlines in the non-inertial frame, which are defined as the lines that are always tangential to the velocity, is shown in Fig. 4 .
Since we have used the reduced gravity expression described in Section 2, the focused wind accretion in this system shows a complex dynamics, resulting in arc structures and low-density cavities that form in the envelope beyond the accreting companion. We observe that a significant fraction of the material in the wind lost by the giant component is focused on the orbital plane and partially accreted on to the hot compact star. Additionally, a bow shock and a spiral-like tail structure forms near the position of the secondary and on the farther side from the primary due to the supersonic orbital motion creating an asymmetric configuration. The shock winds around the primary and some of the material accumulates in the region around the secondary, forming an accretion disc. This structure is similar to that observed in other numerical simulations of wind accretion in binary systems (e.g., Theuns & Jorissen 1993; Mastrodemos & Morris 1999; Edgar et al. 2008) . A small fraction of the matter in the stellar wind falls back on to the primary after being deflected by the companion.
We define the accretion ratio as the accreted mass over the mass lost by the secondary integrated over a hundredth of an orbit:
.
For comparison, we use the BHL accretion rate calculated from numerical solutions of BHL flow by Shima et al. (1985) , as referred to in equation (32) of Edgar (2004) . The estimated mass-capture rate by the secondary in the numerical approach is:
where cs is the sound speed of the gas; other symbols have their usual meaning. Note that this estimate includes an extra factor of 2 based on two-dimensional numerical simulations (e.g., Shima et al. 1985) . In this approximation, the fluid is supposed to be non-interacting except on the downstream side of the shock where material flows on to the accretor. This framework was originally applied to the flow around single star moving through the interstellar medium. However, the accretion rate given in equation (3) is frequently used as a benchmark with numerical simulations of accretion in isolated stars and binary systems (see e.g., Edgar 2004 Edgar , 2005 . Fig. 5 shows the time evolution of the accretion ratio f compared with the expected BHL accretion rate for this system. After a brief transient period, the accretion ratio reaches a steady value about 20% higher than the BHL estimate defined by equation (3). The material transferred from the donor to the accretor carries angular momentum that will introduce a change in the orbital parameters with a decreasing orbital period. However, this change occurs on a time-scale much greater than the simulation characteristic time.
Outburst simulations
We performed three sets of numerical experiments introducing a stellar outburst in the mass-losing star during a fraction of an orbital period to study the effect of the variation in the wind properties on the envelope and large-scale spiral structure. A smooth variation of the wind properties is included during a short fraction of an orbital period to prevent numerical instabilities. An estimate of the changes in the mass accretion ratios is of special interest since it is expected in various types of interacting binaries. This variation produces a smooth spherically symmetric shell that is Figure 6 . Density contour in logarithmic scale in the orbital plane for the case 3 simulation in Table 2 after introducing the perturbation.
focused towards the equatorial plane of the system by the gravity of the companion. The size of the physical domain was increased by a factor of 6 in the x-and y-directions, and we used two additional mesh refinement levels as compared with the steady-wind simulations presented in Section 3.1 to improve the resolution around the secondary and bow shocks. The parameters of these simulations are summarized in Table 2 . The values of the wind parameters during the eruption were varied over several time-steps to avoid stability problems in the simulation. We first consider a system with the orbital parameters of CH Cyg and a mass-loss of 10 −6 M yr −1 from the primary star and a terminal wind speed of 20 km s −1 . Thus, the wind speed and the orbital velocity have comparable values. This speed ensures that the wind can escape from the computational domain without falling back on the primary. After the flow reaches the quasi-steady-state solution, spiral shocks form, surrounding the secondary from the stellar wind material of the giant star. The wind velocity at the dust acceleration distance is increased by a factor of 4 during an interval of 0.1 orbits and then brought back to its initial value (case 4 in Table 2 ). The radial speed is modified for all grid cells between two radii 0.2a and 0.3a around the primary star. During the burst the wind leaves the wind acceleration surface in a highly supersonic regime. Thus the perturbation takes about 0.04 orbits to reach the location of the accretor. The flow produced by the burst is deflected by the secondary and produces a temporary increase in the temperature. This pulse generates an expanding shell that modifies considerably the structure of the accretion flow and the rotating disc structure observed around the accretor during the quiescent phase. When the shell leaves the boundaries of the domain the accretion flow returns to its initial equilibrium state with a bow shock spiralling around the system. The mass accretion ratio is decreased during the outburst period although it is greater than the BHL prediction from Table 2 . Parameters of the three-dimensional simulations with a steady flow and wind outburst on the dust formation radius after the flow approaches a steady state. The computational domain is centred on the primary covering (300, 300, 10) au in the (x, y, z) coordinates. The outburst start time is 0.5 orbits, and the duration of the outburst is 0.1 orbits for simulations 4-6.
Case
Grid Figure 7 . The time evolution of the accretion ratio relative to the background mass-loss rate for an outburst simulation where the outflow velocity is modified to 80 km s −1 (green points) and where the mass-loss rate of the primary component is increased to 2 × 10 6 M yr −1 (red points) after 0.6 orbits . The dashed line shows the accretion rate predicted by BHL in the quiescent phase. See the text for the details of how the accreted mass by the companion is computed.
equation (3). In Fig. 6 we show the density in the orbital plane. An important indication of observational signatures of the outburst phase is the amount of matter that is accreted by the secondary and their temporal behaviour. We show the time evolution of the accretion ratio for simulations 4 and 5 in Fig. 7 compared with the standard BHL planar accretion. This approximation, where the effects of pressure and non-parallel flow are ignored, provides a good estimate, but the observed accretion rates in the simulations are, on average, higher. The accretion ratios are modified during the outburst phase and settle to a steady-state value during the period when the flow becomes stationary once again. In this model, the accretion rate from quiescence is increased by about 40% compared to the BHL value with some variability, which could be explained by the limited resolution around the secondary and numerical noise.
We ran another numerical experiment with an outburst phase starting from a steady-state solution for a scenario where the wind velocity was kept constant and the massloss rate increased by a factor of 2 during 0.1 orbit and then returned to its initial value of 10 −6 M yr −1 (simulation 5 in Table 2 ). This simulation was run for further 1.5 orbits after introducing the disturbance to consider the settling period of the accretion flow. The spiral structure was substantially perturbed by the outburst, and the spiral arms merged together forming a ring-shaped surface. The effect of the burst introduced in the mass-loss rate disappeared after two additional orbital periods. A sequence of density snapshots showing the temporal evolution of the flow patterns in the orbital plane is shown in Fig. 8 . The flow pattern is significantly more complicated than in the constant mass-loss and wind speed simulations described previously.
Finally, we carried out a simulation where the wind velocity was increased by an order of magnitude for one-tenth of an orbit and the mass-loss rate was kept constant with a value of 10 −6 M yr −1 (simulation 6 in Table 2 ). With a larger velocity increase, the flow shows a more extended disturbance of the steady flow than in the previously studied cases. After about 0.2 orbit from the start of the disturbance, the flow solution returns to the steady state obtained in the other simulations. In all simulations of the outburst phase, the accretion ratio varies over a similar time over which the wind parameters are modified.
Despite the oscillations in the wake during the outburst phase, the accretion flow in the simulations is steady and there is no evidence of a violent instability, such as the flip-flop behaviour that has been previously hinted at in some numerical simulations of BHL flow (Blondin 2013) . The large-scale structure of the wake stays undisrupted. These results are consistent with previous high-resolution threedimensional simulations of BHL accretion (Mitsumoto et al. 2005; Blondin & Raymer 2012) . Thus, introducing these perturbations is not sufficient to affect the stability of the flow and accretion, and does not bring unstable behaviour (Matsuda et al. 1987 ). Table 2 at 0.5, 0.7, 0.8 and 1 orbit.
SUMMARY AND CONCLUSIONS
In this paper, we have presented a three-dimensional numerical model of focused wind accretion with an adiabatic equation of state in the context of interacting binary systems, for example, symbiotic systems such as the variable CH Cyg, and considered the dynamical aspects of the accretion flow in the simulations. A strong spiral shock forms, which is caused by the gravity of the accretor with a moderately wide opening angle. The flow pattern is similar to the two-dimensional planar geometry studied in Paper I. However, there are significant differences, including the development of a larger asymmetry in the inner and outer spiral shocks. Our numerical method does not need artificial viscosity to stabilize the flow and is well suited for studying a high Mach number flow around the accretor. The obtained wind solutions and mass accretion rates suggest that the accretion via the wind from the giant star on to the companion occurs in a more efficient manner by a factor of 1.5 than in the standard BHL estimate based on numerical simulations (e.g., Edgar 2004) .
We have performed several sets of simulations of accretion flow in symbiotic binary systems with varying mass-loss rates and wind speeds during a fraction of an orbit. First, we increased the wind speed at infinity by a factor of 4. The second run used the original wind speed and doubled the mass-loss rate from the donor. In the last scenario, we increased both the wind speed and mass-loss rate. The first and third experiments show a change in the accretion rates on to the secondary of around a factor 2 larger than the BHL accretion rates and a largely disturbed flow as the outburst material interacts with the accretion wake.
For the velocity outburst simulation, the accretion ratio decreases compared with the quiescent state. However, the accretion is higher than the value expected from the BHL estimate also during the transient outburst event. The variation in the accretion rate is consistent within a factor of 2 with the steady-state accretion expected from equation (3), which is substantially larger than the value for the pressure-free flow originally studied by Hoyle & Lyttleton (1939) . None the less the simulations where we vary the mass-loss rate match more closely the BHL approximation given by equation (3). The time-scales of the variations introduced in the mass-loss rates are of the order of weeks to months, which could be associated with fluctuations in the brightness of these objects (Belczyński et al. 2000) . These results agree well with two-and three-dimensional numerical simulations of BHL accretion (Ruffert & Arnett 1994; Edgar 2005 ). We do not observe any instability in the accretion column that has been described in previous works (Soker 1990; Edgar 2005) , as expected for the Mach number of the flow that we have considered. In addition, there is no oscillation of the disc rotation in the simulations such as observed in the flip-flop instability (e.g., Pogorelov et al. 2000; Ruffert 1999) , in accord with previous three-dimensional simulations in spherical coordinates (Blondin & Raymer 2012) .
Understanding the origin of the outflows and jets in wind interacting systems is crucial for providing insights into the mass-transfer mechanism. A limitation of the models presented here is that the wind acceleration mechanism is prescribed without including the dust formation and radiative pressure that are responsible for the wind formation. Such numerical analysis may bring new effects as a treatment of dust-driven acceleration in the wind model may modify the outflow formation and mass-loss rate. We plan to address these effects in future works with an application to the interpretation of CH Cyg and other symbiotic systems.
